Previous studies in insulin resistant rats demonstrated beneficial effects of fish oil on insulin action in either high fat-fed rats [9] or high sucrose-fed rats in either adipocytes [10] or muscle [11] . To date, the vast majority of animal studies have neither compared fish oil to olive oil, nor measured glucose transport activity in parallel to Glut-4 protein and mRNA levels. Therefore, in this study, the following questions were addressed: Is fish oil deleterious to diabetic or insulin-resistant rats, and might olive oil substitution have better results on both plasma lipids and glucose control? Do modifications in glucose transport activity parallel those of Glut-4 protein and Glut-4 mRNA levels? Finally, is there an association between changes in Glut-4 protein in adipocytes and muscle?
Materials and Methods

Animals
Thirty two male Sprague-Dawley rats (Centre d'Ølevage R. Janvier, Le Genest-Saint-Isle, France), aged 3 weeks on arrival (weight: 75 5 g) were used. Rats were housed in polypropylene cages (four in each cage) and maintained at 24 8C with a 12 h light-dark cycle. They had free access to food and water. Approval to use laboratory animals was given by the French Ministry of Agriculture. The protocol complied with the National Institutes of Health (NIH) guidelines (NRC 1985) for the care and use of laboratory animals.
Diets
On arrival, all rats had free access to a standard diet (57.5 % starch w/w, INRA, Jouy-en-Josas, France) for 2 weeks. After this, rats were randomized into 4 groups. In 3 groups, rats were fed a semisynthetic powder diet containing (w/w) 57.5 % sucrose and 14 % fat as either fish oil (SF), olive oil (SO) or a mixture of standard oils (SC) for 3 weeks ad libitum. In the fourth group, the control group (C), the carbohydrate was presented as starch (Table 1).
Food intake was determined daily; body weight was measured at the end of each week. At the end of the nutritional period, the rats were decapitated between 9 a. m. and 10 a. m. in the post-absorptive state. Blood was collected and plasma stored at -20 8C to measure glucose by the glucose oxidase method (Glucose Analyzer 2, Beckman, Fullerton, CA), insulin by a radioimmunoassay (Bi-insulin RIA Diagnostic Pasteur, France), triacylglycerol (triglycerides Enzymatiques kits, BioMØrieux, Marcy-l'Etoile, France), cholesterol (Labintest Cholesterol kits, Labintest, Aix en Provence, France), phospholipid (Phospholipids Enzymatiques kits, BioMØrieux) and free fatty acid (Nefa C* kit, Unipath, Dardilly, France) concentrations. Epididymal fat pads and muscles (gastrocnemius and soleus) were removed. The epididymal fat pads were weighed and partly used to study in vitro glucose transport immediately, while the rest was frozen in liquid nitrogen and stocked at -80 8C to measure the Glut-4 protein and mRNA levels later. Muscle samples were excised and rapidly frozen in liquid nitrogen, then stocked at -80 8C for later determinations of Glut-4 proteins and mRNA.
Intraperitoneal glucose tolerance test
Three days before the end of the nutritional period, an intraperitoneal glucose tolerance test was performed. On the morning of the experiment, food was removed at 8 a. m. At 2 p. m., rats were anesthetized with pentobarbital and an intraperitoneal glucose challenge was given (2 g/kg). Blood samples were taken from the tip of the tail at 0, 15, 50 min to determine plasma glucose and insulin concentrations.
Preparation of isolated adipocytes
Isolated adipocytes were prepared according to the method of Rodbell [12] . Briefly, minced epididymal fat pads were incubated with type II collagenase (2 mg/g of adipose tissue, Sigma, St. Louis, MO) at 37 8C for 60 min in Krebs-Ringer bicarbonate buffer (pH 7.4) containing 35 g/l of bovine serum albumin (Sigma, RIA grade) and 220 mg/l of sodium pyruvate. The cells were filtered and washed with a collagenase-free buffer.
Morphological analysis of adipocytes
Adipose cell size and number were determined using a micrographic method [13] . Aliquots of cell suspensions were photographed under light microscope. Cell diameters were measured using a semi-automatic counter; cell volumes and weights were calculated using the formula of Goldrick [14] . Cell concentration in the incubation medium was calculated by dividing the quantity of total lipids (measured by the dole method [15] in the cell aliquots) by the mean weight of an adipocyte.
Glucose transport study Glucose transport was assessed by measuring the cell-associated radioactivity after rapid incubation of adipocytes in the presence of labeled glucose [16] . Epididymal adipocytes were preincubated in Krebs-Ringer bicarbonate buffer containing bovine serum albumin, pyruvate and insulin (0 to 10 ng/ml) for 30 min at 37 8C. The final cellular concentration was 3.5 % (v/v). Then 22.2 kBq of D-[U-14C] glucose (4 mol/l) was added into each tube, and incubation continued for 30 seconds. Glucose transport was stopped by centrifugation of the incubation mixture through 100 l of silicon oil, and the radioactivity in the cell layer was counted in a b counter. 
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Membrane preparation and Western-blot analysis of Glut-4 The frozen adipose tissue and muscles were homogenized in a buffer containing sucrose 250 mM, EDTA 1 mM, Tris-HCL 20 mM, pH = 7.4 and protease inhibitors, including phenylmethenesulfonyl fluoride (PMSF) 0.1 M, pepstatin 25 g/ml. The homogenate was centrifuged at a low speed (800 g) at 4 8C for 10 min to separate the nuclei, blood cells, and fat, and centrifuged again for 60min at 200 000 g at 4 8C to separate total membranes. The pellets were resuspended and protein concentrations were assayed (Bradford Bio-Rad, Richmond, CA). Membrane proteins were subjected to sodium dodecil sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using a 12 % polyacrylamide-resolving gel and then transferred to nitrocellulose membranes. The membranes were incubated with an antiserum (1 : 1000 dilution) specific for the COOH-terminal segment of the Glut-4 transporter (derived from Dr Cushman laboratory [17] and offered by M Guerre-Millo), followed by 125 I-protein A. Immunolabeled bands were visualized by autoradiography and scanning densitometry. A control sample was run in every gel and used to compare samples from different gels. Results were adjusted to the control sample in the same gel.
Analysis of Glut-4 mRNA Glut-4 mRNA was estimated using the Northern-blot technique. Total RNAs from adipocytes or muscles were extracted as described by Chomczynski [18] using the RNA-plus kit (Bioprobe Systems, Montreuil-sous-bois, France) with special adipose tissue RNA isolation modifications as described by Janke et al. [19] . RNA Concentrations and purity were assessed in a spectrometer by absorbance at 260 and 280 nm. Equal amounts (20 g) of total RNA were denatured in 6 % formaldehyde, and size fractionated by electrophoresis on 1 % agarose gels and transferred by capillarity to a nylon membrane (Positive membrane, Appligene, Illkirsh, France). Hybridization was performed at 42 8C using an a[
32 P]d-CTP-labeled Glut-4 c-DNA probe, a fragment of pS9A2 plasmid linearized with Sal 1 restriction enzyme [20] . This probe was allowed to hybridize the RNA immobilized on the nylon membrane under high-stringency conditions in solutions containing 50 % formamide, salmon DNA and 20X sodium chloride-sodium citrate (SSC: 0.15 M NaCl, 15 mM Na citrate, pH 7). The membranes were then washed in SDS and SSC and exposed to Fugi X Ray film at -80 8C. Five blots were done. Due to technical problems, membranes could not be further hybridized with oligonucleotide specific to 18S ribosomal RNA. The quantity of total RNA was controlled by the amount of 18S and 28S visualized by the ethidium bromide, which could be a possible means of gene quantification in samples with high amounts of mRNA. This, however, is not the case in biopsies with low amount of mRNA that require the use of endogenous control or housekeeping gene [21] .
Statistical analysis
All analyses were carried out using the Statview 512 + software package (Brainpower Ins, Calabasas, CA, USA). Comparisons between the four groups were performed by analysis of variance (ANOVA) followed by Fisher's LSD post hoc test. Results are given as mean SEM. Differences were considered significant when p < 0.05.
Results
Intraperitoneal (I/P) glucose tolerance test
As shown in Fig. 1 a, fasting plasma glucose showed a tendency (p = 0.06) to be higher in the SC group than in the C group. Plasma glucose levels after an I/P glucose load were higher in the 3 sucrose-fed groups compared to the C group (p < 0.001 at 50 min, ANOVA). Sucrose diet tended to increase plasma insulin levels ( Fig. 1 b) compared to the C group (p = 0.06 at 15 min). The area under the curve for plasma insulin was higher (p < 0.05) in SC rats than in the C group. Fish oil-fed rats, however, showed low plasma insulin levels that reached those of the control rats, but this had no effect on glucose levels.
Food intake, body and organ weights Table 2 shows the characteristics of the four groups at the end of the nutritional period. In spite of a slight increase in food intake in the sucrose and fish oil-fed rats (p < 0.001, SC, SF vs. C, SO) during the third week, the body weights remained comparable in the four groups up to the end of the nutritional period.
The relative epididymal fat pad weight (expressed by 100 g body weight) was significantly lower in the SF group than in the others (p < 0.05, SF vs. SC, SO). This decrease was due mainly to a decrease in adipocyte diameter (p < 0.05, SF vs. SC) rather than a decrease in adipocyte number.
Plasma parameters
As shown in Table 2 , plasma insulin levels tended (p = 0.1) to be higher in the sucrose-fed rats than in the control group. Plasma lipids (triacylglycerol, cholesterol, phospholipids, free fatty acids) were also increased by sucrose feeding and decreased when fish oil was presented in the sucrose diet (p < 0.001, SF vs. C, SC, SO).
Glucose transport activity in adipocytes Fig. 2 b shows that basal glucose transport activity was comparable in the 4 groups. The insulin-dose response curves (Fig. 2 a) for the SC group was shifted to the right and showed diminished responses compared to those of the C group. The presence of fish oil in the sucrose diet increased insulin responses that become comparable or even higher than those of the C group (p < 0.005, SF vs. C, SC, SO) at 10 ng/ml insulin concentration. The presence of olive oil (SO), however, had no effect.
Glut-4 protein levels
Glut-4 protein (Fig. 3) in total adipocyte membranes was decreased by sucrose feeding and reached those of control values when fish oil was presented in the sucrose diet (p < 0.05, SF vs.> SC, SO). Olive oil, however, could not increase Glut-4 protein values. In muscle membranes, there was no difference in the concentration of Glut-4 protein in the four groups studied.
Glut-4 mRNA
Adipocytes of SC rats showed a decrease in the Glut-4 mRNA levels compared to the C rats (Fig. 4) . The presence of fish oil increased Glut-4 mRNA levels, which became comparable to those of the C group. Addition of olive oil did not restore Glut-4 mRNA levels.
Discussion
Our data demonstrated that the type of dietary fatty acids -saturated, n-3 poly-or monounsaturated -influenced insulin sensitivity and insulin action in adipocytes of sucrose-fed rats in different ways. Dietary fish oil, but not olive oil, prevented the sucrose-induced insulin resistance (manifested in this study by hyperinsulinemia, glucose intolerance, decreased glucose transport activity, Glut-4 protein and mRNA levels in adipose tissue). Insulin resistance in the same sucrose-fed rats was also manifested by a defect in whole-body glucose utilization and in hepatic glucose production rate (published elsewhere: [22, 23] ). Sucrose-induced insulin-resistance has been demonstrated in other studies at the level of the liver [24] , muscle [25, 26] and adipose tissue [10] . At the level of adipocytes, Vrana et al. [27] showed that a supplement of 1 ml of fish oil per day increased glucose incorporation into total lipids. Similarly, in the same model, we previously showed [10] that decreased insulin stimulated glucose transport, oxidation, and incorporation into total lipids is prevented, when fish oil represents the main source of lipids in the diet of sucrose-fed rats. In this study, insulin-stimulated glucose transport increased in adipocytes when the lipids were only partly replaced by fish oil. This increase in glucose transport activity in adipocytes was accompanied by both an increase in glucose transporter protein (Glut-4) and their mRNA levels. Also, Podolin et al. [28] recently demonstrated that the presence of fish oil in the sucrose diet also prevented the development of whole-body insulin resistance. D'Alessandro et al. [25] found that the presence of cod liver oil in the diet of sucrose-fed rats over an extended period reverses the insulin sensitivity impair- On the other hand, when lipids were partly replaced by olive oil, as in the present study, insulin resistance in the sucrose-fed rats could not be prevented -the glucose transport curve was shifted to the right, and both Glut-4 protein quantity and mRNA levels were still lower than values obtained in the control group. A diet high in monounsaturated fat has been proposed as a palatable alternative to the currently required high CHO low fat diet that can produce adverse effects on lipid and glucose control [29] . Campbell et al. [7] demonstrated an improvement in both plasma glucose control and plasma triglyceride levels after 2 weeks of a practical high monounsaturated fat diet used at home. Other studies have supported the use of high monounsaturated fatty acids in diabetic patients [8] . Whether the improvement in glycemic control found in these studies is specific to monounsaturated fatty acids or could be expected with other fatty acids is not clear. Nevertheless, in insulin-resistant sucrosefed rats, monounsaturated fatty acids have no beneficial effects on plasma lipids or insulin resistance in adipocytes as shown in the experimental conditions of the present study.
Despite the presence of down-and upregulation of glucose transport activity and Glut-4 protein levels in adipocytes by sucrose feeding and fish oil supplementation respectively, no regulation of Glut-4 protein levels could be detected in the muscle in the present study. Skeletal muscle is the major site of insulinstimulated glucose disposal. The regulation of the glucose metabolism in this tissue involves complex interplay with other fuels especially free fatty acids. The contribution of muscle glucose transporters to insulin resistance in rats and humans is well documented. It was recently shown that the selective disruption of Glut-4 in mouse muscle induced a major reduction in glucose transport and near-absence of stimulation by insulin or muscle contraction [30] . This apparent contradiction between the latter results and those in the present study might be explained in part by the short duration of the dietary interventions. Indeed, Klimes et al. [32] found that 3 weeks of sucrose feeding was unable to alter glucose transporter proteins in quadriceps femoris in spite of the presence of insulin resistance at the level of the liver [28] and peripheral tissues -muscle [24] and adipose tissue [10] . Similarly, a high-sucrose diet or raised dietary intake of fish oil in hereditary hypertriglyceridemic rats did not further alter the number of Glut-4 protein levels in quadriceps femoris muscle [33] . However, when feeding the high sucrose diet supplemented with 30 % fish oil, a decrement of Glut-4 protein was surprisingly demonstrated. The absence of upregulation of Glut-4 protein in the later study might be also due to the high amount of fish oil used (30 %), since Giron et al. [31] demonstrated an increase in Glut 4 protein and mRNA in the diaphragm of streptozotocin-diabetic rats by only 5 % fish oil supplementation. On the other hand, long-term administration of fish oil lasting 17 -18 weeks was found to upregulate Glut-4 mRNA in skeletal muscle in Otsuka Long-Evans Tokushima Fatty rats, a model of spontaneous non-insulin-dependent diabetes mellitus with obesity, when compared to normal rats [34] . Moreover, long-term (12 -16 weeks) streptozotocin-induced diabetes was demonstrated to result in a decrease in Glut-4 protein levels [35] . Long-term moderate physical exercise, however, was unable to correct this defect in glucose transporters. Kern et al. [36] demonstrated that 7 days of treating sucrose-fed rats with glyburide significantly increases glucose uptake in vivo and in perfused rat hindquarter, but this increase was not attributed to changes in the levels of glucose transporter protein in skeletal muscle. Similarly, acute diabetic state of 36 hours after streptozotocin injection in obese Zucker rats was unable to alter Glut-4 protein in hind-limb muscle [37] . Thus, there is dissociation between the regulation of glucose transport and Glut-4 protein levels in adipose tissue and in the muscle at basal conditions. Contrary to the regulation of Glut-4 protein at basal levels, insulin stimulated glucose transport [26] and Glut-4 protein from insulin-treated muscle membranes [38] are regulated by dietary interventions. High-sucrose diet was found to reduce insulinstimulated glucose transport in isolated skeletal muscle in vitro [26] . In a unique study, feeding fish oil resulted in an increase in Glut-4 protein in plasma membranes from insulin treated cells [38] . In fat-fed rats, the supplementation with fish oil or the injection of leptin was able to protect against the decreased insulin-stimulated glucose transport in the soleus and epitrochlearis muscles [11] . Thus, the regulation of glucose transport and Glut-4 protein in the muscle are essentially rapidly apparent in insulin treated cells, whereas long-term interventions are needed to detect such regulation at the basal conditions. The evaluation of insulin-signaling processes in addition to the expression of the glucose transporter might explain the lack of correlation between Glut-4 expression and the observed insulin-stimulated glucose transport rates.
Therefore, a short-term dietary fish oil, but not olive oil, resulted in increasing glucose transport activity, glucose transporter proteins and mRNA in adipocytes in the present study. This dietary modification could not modify Glut-4 transporters in the muscle at basal conditions. In many interventions, the regulation of Glut-4 proteins at basal conditions is tissue-specific and might depend on the duration of this intervention and the presence or absence of insulin stimulation.
